Climate change may bring about geochemical changes in arctic regions as a result of increasing thaw depth. In order to better understand current watershed geochemistry and mineral weathering and provide a basis for predicting the geochemical effects of active-layer thickness increase, we examined elemental chemistry and 87 Sr/ 86 Sr of streams and sequential and total digests of soils, permafrost, and soil parent materials from seven glacial deposit surfaces of varying geomorphic ages in arctic Alaska in the vicinity of the Philip Smith Mountains quadrangle (69uN, 150uW). We found overall greater exchangeable K concentrations, exchangeable and acid digestible P and Ca concentrations, acid digestible and total Ca/Na and Ca/Sr, and lower acid digestible 87 Sr/ 86 Sr in permafrost than in active-layer mineral soil. Of the surfaces with similar parent material, stream and soil data suggest that weathering has progressively depleted calcium carbonate in the active layer with increasing surface age. Our results suggest that increasing thaw depth will lead to increasing carbonate and Ca supply to soils and streams, as well as spatially variable increases in P and K supply. Geochemical differences between active-layer soil and permafrost suggest the possibility of using stream geochemistry to detect changes in active-layer thickness in watersheds.
Introduction
Chemical weathering of minerals is an integral part of soil formation and is ecologically important as a source of nutrients such as phosphorus, potassium, and calcium (Schlesinger, 1997) ; silicate weathering is geologically important as a sink for atmospheric carbon in the long-term carbon cycle (Walker et al., 1981) . It is important to understand mineral weathering and related soil and stream geochemistry in arctic regions because global climate change may cause changes in both the nature and extent of mineral weathering in these regions. Continuous permafrost in arctic regions restricts mineral weathering to the active (seasonally thawed) layer, and warming climate is likely to cause increased active-layer thickness (Anisimov et al., 1997) . Increased active-layer thickness will allow minerals previously contained in permafrost to weather, thereby increasing the total mineral surface area that is exposed to weathering. Additionally, permafrost in some areas may contain very soluble minerals that largely have been removed by weathering in overlying thawed soils. Thawing and weathering of these minerals could cause potentially important changes in stream and soil geochemistry for years to come; the nature of these changes will depend on the spatial and temporal progression of permafrost degradation.
Much progress has been made toward understanding soil chemistry and mineral weathering on the North Slope of Alaska. Soils on the North Slope were classified and physically described in early work by Tedrow et al. (1958) and in more recent studies by Ping et al. (1998) and Munroe and Bockheim (2001) . In an investigation of the soil chemistry differences between non-acidic and acidic tundra, Bockheim et al. (1998) analyzed soil exchangeable chemistry and other soil characteristics across the Kuparuk River Basin of the North Slope, an area that overlaps the study area of this paper and includes loess, till, and colluvium deposits of different ages. Their study found a relationship between nonacidic tundra soils and greater amounts of exchangeable base cations. Munroe and Bockheim (2001) found that among the four most recently deglaciated surfaces in this region, soil profile concentrations of weathering products (clay and silt) increased significantly with age, suggesting that even in areas where cryoturbation is common, surface age is a factor in mineral weathering and soil development.
Although cycling of biogeochemically important elements such as carbon and nitrogen in soils and catchments of the Alaskan Arctic has been the subject of many studies (e.g. Nadelhoffer et al., 1991; Hobbie et al., 2002; Judd and Kling, 2002) , the geochemistry of other elements including macroand micronutrients released by mineral weathering is less well known. Stutter and Billet (2003) described the stream and soil chemistry of a Swedish arctic region more recently glaciated than the study area of this paper, but with similar sedimentary bedrock (including sandstone and limestone units), and found the system to be dominated by carbonate dissolution. Kling et al. (1992) investigated the chemistry of lakes and rivers over a wide region of the Alaskan North Slope and interpreted the water chemistry in the region of their study to also be dominated by the products of carbonate dissolution and related to surface age.
Both terrestrial (Shaver and Chapin, 1995) and aquatic (Hobbie et al., 1999) ecosystems in this region are nutrient limited, either by P alone or by N and P. Therefore, enhanced release of mineral nutrients via weathering of newly thawed minerals may have an important ecological impact. Hobbie et al. (1999) measured a twofold increase in P concentrations in a stream passing through glacial deposits disturbed by construction and predicted that weathering of thawed permafrost minerals may increase aquatic P availability, causing bottom-up trophic effects.
Because of the potential for a unique, permafrost-related geochemical response of arctic systems to climate change, it is Arctic, Antarctic and Alpine Research, Vol. 39, No. 1, 2007, pp. 84-98 important to understand the current mineral weathering processes and geochemical characteristics of these systems. This study describes the elemental chemistry of soils and streams in the central Alaskan North Slope, examines mineral weathering as a function of surface age, and addresses the geochemical implications of thaw depth increases brought about by climate change. We analyzed stream water and several chemical fractions of soil and bedrock, and used elemental and Sr isotope ratios to identify the mineral sources of weathering products. These results will serve to further our understanding of weathering in arctic regions, as well as provide baseline information for predicting how warming climate may influence the biogeochemistry of ecosystems.
Study Area
Field research was conducted on the eastern North Slope of arctic Alaska near the foothills of the Brooks Range (Fig. 1) , primarily in the Philip Smith Mountains quadrangle (69uN, 150uW). The entire region is underlain by continuous permafrost (Brown and Krieg, 1983) . For the years 1990-2000, the mean active-layer thickness at three sites within the study area (Happy Valley, Imnavait Creek, and Toolik Lake) ranged from 33 to 60 cm (Brown et al., 2002) ; the maximum thaw depth we observed during field work was 80 cm. Mean annual air temperatures on this part of the North Slope range from 25.9uC in the Brooks Range to 212.8uC at Prudhoe Bay (Haugen, 1982) . The dominant vegetation types include tussock tundra, wet sedge tundra, and riparian willow communities . The landscape descends from the steep, rocky foothills of the Brooks Range to gently rolling tundra with poorly developed drainage and many kettle and thermokarst lakes.
North of the foothills, the landscape is developed on till and outwash formed during several glaciations of varying ages, during which glaciers moved northward from the Brooks Range (Hamilton, 1978; Brown and Krieg, 1983; Hamilton, 2003) . The oldest and most northerly recognizable glacial deposits resulted from the Gunsight Mountain (GM) glaciation, which is inferred to have occurred in the late Tertiary based on the similarity of erosional features to Pliocene deposits south of the Brooks Range (Hamilton, 1994) . The second oldest glacial deposits resulted from the Anaktuvuk River (AR) glaciation, which is assigned an early Pleistocene age by paleomagnetic analysis of overlying sediments (Hamilton, 1986) and correlations with other Alaskan glacial sequences (Hamilton, 1994) . The next two younger glaciations are each broken up into separate units consisting of advances and readvances separated by interglacial periods. The Sagavanirktok River glaciation is dated broadly to the middle Pleistocene (780,000-125,000 years B.P.; Hamilton, 2003) based on paleomagnetic data and correlation to glaciations elsewhere in Alaska (Hamilton, 1994) , and is separated into two units: Sagavanirktok River 1 (Sag1) and 2 (Sag2). At least five separate phases of the Itkillik glaciation have been identified (Hamilton, 2003) , but for the purpose of simplification in this paper we use the three main phases initially described by Hamilton and Porter (1975) and used by Hamilton (1986) : Itkillik I (It1), Itkillik II (It2), and the latest Itkillik II re-advance (It3). It1 deposits are beyond the range of radiocarbon dating (.40 ka) but have an inferred age between 50 and 120 ka; radiocarbon dating suggests ages between approximately 11.5 and 24 ka for It2 deposits and 11.4 ka and 12.8 for It3 deposits (Hamilton, 1986 (Hamilton, , 2003 . These surfaces have loess cover ranging from greater than 15 m on the oldest surfaces, through thin but still continuous cover on intermediate-aged surfaces, to loess-free moraine crests on the youngest surfaces (Hamilton, 1994 (Hamilton, , 2003 .
The bedrock formations in the Brooks Range foothills, from which the glacial till is derived, consist primarily of conglomerates, sandstones, and limestones, with some shale and phyllite (Menzie et al., 1985; Mull and Adams, 1985) . Based on the gentle topography of the youngest (It3) moraines, Hamilton (2003) inferred that they contain abundant fine sediments derived from large nearby lake beds and therefore may be compositionally different from other glacial deposits.
The soils developed on these deglaciated surfaces are classified broadly as Gelisols, and more specifically as Turbels and Orthels, depending on the amount of apparent cryoturbation (Munroe and Bockheim, 2001) . In most areas, the mineral soil is overlain by a thick (10 or more centimeters) organic horizon. The soils are characterized by medium texture, poor drainage, and cryogenic features such as warped horizons and ice lenses (Ping et al., 1998) . FIGURE 1. Map of study area with locations of soil (triangle) and stream (square) sampling sites. Glacial deposit and bedrock boundaries after Hamilton (1978 Hamilton ( , 2003 , Mull and Adams (1985) , and Brown and Krieg (1983) .
Methods

WATER SAMPLING AND ANALYSIS
We sampled small first-or second-order streams in watersheds entirely contained within each of the seven glacial surfaces of different ages in the study area, and within each of the major bedrock types in the foothills north of the Brooks Range (Fig. 1) ; we also sampled the major rivers (up to fourth order) in the study area. Precipitation samples were collected in acid-washed polyethylene containers. All water samples were filtered through 0.45 mm polypropylene filters into acid-washed polyethylene bottles in the field, acidified with ultra-pure hydrochloric acid, and refrigerated at ,10uC until analysis.
All water samples were analyzed using a Perkin Elmer Optima 3300 DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) using five-to eight-point calibration curves for element concentrations (including Ba, Ca, Fe, K, Mg, Na, S, Si, and Sr). Two High-PurityH standards (Trace Metals in Drinking Water and River Sediment-B) and one in-house standard were used for quality control. These standards were analyzed to within 610% of the known values for Fe and Sr; 617% for S, and 65% for all other elements.
SOIL SAMPLING AND ANALYSIS
During late July and August of 2002 and 2003, two to four soil sampling pits on each glacial deposit surface were excavated ( Fig. 1) , with the exception of the GM surface, on which a single large trench was excavated and sampled on opposite sides. Sites were randomly selected on flat (slope ,2u) moraine crests or shoulders. Vegetation at the pit sites indicated that all of the sites except one were located on moist acidic tundra; one of the It2 pit sites was located on non-acidic tundra. Each pit was excavated through active-layer soil and at least several cm into frozen ground. Soil profiles and visible horizons were measured and described, and homogenized samples were taken from each visible horizon. We took 3-6 horizon samples per pit, usually consisting of layers designated ''O'' (peat), ''A'' (an oxidized layer with live roots), ''B1'' (the upper section of a thick gleyed layer), ''B2'' (the lower section of the same layer; this division was meant to split the thick ''B'' horizon approximately in half in order to look for differences with depth), ''P1'' (the first few centimeters of thickly laminated frozen soil, which may infrequently be part of the active layer), and ''P2'' (deeper, thinly laminated sediment in permafrost). Several soil profiles contained evidence of cryoturbation such as irregular horizon boundaries or buried peat inclusions. A deeper (,3 m) permafrost sample (labeled Sag1-DP on Fig. 1 and in tables) was obtained from the Sag1 surface from the site of a thermokarst tundra collapse within a few days of that event.
Soil samples were dried at 35uC, and mineral soils were sieved to separate the ,2-mm size fraction, which was used for further analyses. We consider the .2 mm fraction to contribute a negligible amount to overall mineral weathering of the soil due to its low ratio of surface area to volume; the .2 mm fraction appeared to consist mostly of chert pebbles and quartzite cobbles and was on average less than 35% by mass of each sample. Percent organic matter was determined for samples from one representative pit on several surfaces by loss on ignition (LOI) via combustion at 450uC for 24 h, following the method of Heiri et al (2001) .
Following the methods of Blum et al. (2002) , 0.5 g soil samples were leached and digested sequentially with 5 mL of each of the following ultra-pure solutions: (1) 1M NH 4 Cl (pH 5 7) at room temperature for 20 h to obtain the exchangeable fraction; (2) 1M HNO 3 at room temperature for 20 h to dissolve easily soluble minerals (which in these soils are mostly carbonates but include minor amounts of phosphate and some sulfides) and to leach remaining labile elements bound to organics; and (3) concentrated HNO 3 at 150uC for 3 h to partially digest less soluble but still potentially weatherable minerals such as biotite, plagioclase, potassium feldspar, sulfides, and some oxides and clays. For convenience, we will refer to the solutions obtained via the second and third steps in the sequential digest procedure as the ''cold acid digestible'' and ''hot acid digestible'' fractions, respectively. While we aim to estimate ''easily weatherable'' and ''less weatherable'' fractions of the soil with these sequential digests, these digests are operationally defined and thus do not represent clearly defined reservoirs within the soil. Furthermore, while elemental P and S (possibly occurring as PO 4 32 and SO 4 22 ) released by NH 4 Cl are not necessarily ''exchangeable,'' they represent the most labile fraction of those elements, and for convenience they are referred to as part of the exchangeable fraction.
To obtain a total digest of mineral soil samples, about 0.1 g of each sample was fused with 1 g of technical grade LiBO 2 in a graphite crucible at 1100uC, then dissolved in approximately 60 mL of trace metal grade 5% HNO 3 and filtered through 25-mm pore size cellulose fiber paper. Two procedural blanks (LiBO 2 with no sample added) and two U.S. Geological Survey Geochemical Reference Standards were also digested.
The soil leachate and digest solutions were analyzed for elemental concentrations by ICP-OES using six-to nine-point calibration curves. Quality control standards included HighPurityH ICP-Stock Solution for Si and CRM Soil Solution A and Trace Metals in Drinking Water for other elements. For the sequential digest solutions, these standards were analyzed within 67% for Ba, Ca, Fe, K, Na, and Sr; 612% for Si, and 614% for P and S in the same concentration ranges as the samples. For the total digests, these standards plus an in-house standard were analyzed to within 67% for Ba, P, and Si; and 612% for Ca, Fe, K, Na, S, Sr in the same concentration ranges as the samples.
BEDROCK SAMPLING AND ANALYSIS
Samples of each major rock unit on the eastern North Slope (Philip Smith quadrangle) were collected during the summer of 2002. Where possible bedrock samples were collected from outcrops in the same watersheds in which streams were sampled.
Polished thin sections were made of each rock sample, and mineral constituents were identified visually using a petrographic microscope or by an energy dispersive spectrometer (EDS) on a Hitachi S3200N scanning electron microscope (SEM). Subsamples of each rock sample were pulverized in a tungsten carbide ring mill and then subjected to the same sequential leach and digest procedure described above. After the hot acid digest, the remaining sample was digested with a mixture of concentrated ultra-pure HF, HNO 3 , and HCl until all sample was in solution. The leachate and digest solution was analyzed by ICP-OES as described above.
SR ISOTOPIC ANALYSES
Sr was separated from selected water samples and soil and rock leachate and digest solutions by eluting a subsample through Eichrom Sr-Spec resin in a quartz cation exchange column. Fifty to 100 ng of Sr along with 1 mL of H 3 PO 4 were then loaded onto a tungsten filament with Ta 2 O 5 powder matrix. Sr ratios were measured for each sample. Internal precision (62s) calculated from these replicates was generally less than 60.000030; exceptions are noted in tables and graphs. The Sr standard NBS-987 was analyzed after every 12 samples with a mean value of 0.710231 6 0.000016 (2s) during the period of sample analyses.
Results
BEDROCK COMPOSITION AND GEOCHEMISTRY
Based on the location and extent of rock unit outcrops in the eastern Brooks Range foothills and on cobbles found in soil pits by us and by Hamilton (2003) , we identified six units (as mapped by Mull and Adams, 1985) likely to comprise the bulk of the glacial till in the study area: the Devonian Beaucoup phyllite (Dbs), the Devonian Ear Peak sandstone member of the Kanayut conglomerate and sandstone (Dke), the Permian-Mississippian Lisburne limestone (PMl), the Permian Echooka shale (Pe), the Cretaceous Fortress Mountain conglomerate and sandstone (Kf), and the Cretaceous Nanushuk sandstone (Kn). Because the Kn outcrops north of the Sagavanirktok River glacial deposits, it is likely included only in the older and more northerly Gunsight and Anaktuvuk glacial deposits.
Visual and SEM thin section analyses suggest that all three sandstones (Dke, Kf, and Kn) are composed primarily of quartz and chert and contain minor amounts of biotite/vermiculite, muscovite, and oxide and sulfide minerals; the Kf and Kn also contain minor plagioclase and glauconite. The limestone unit (PMl) appeared chert-rich and argillaceous, which is consistent with the description of this unit by Moore et al. (1994) .
The composition of sequential and bulk digests of these six units is reported in Sr values (e.g. Palmer and Edmond, 1992) . Because the carbonate and silicate rocks in this area follow these general patterns, we use the elemental concentration ratios Ca/Na and Ca/Sr and the isotope ratio 
SOIL GEOCHEMISTRY
Geochemical characteristics of the soil exchangeable fraction, cold acid digestible fraction, hot acid digestible fraction, and total soil digests are reported in Tables 2-5. The It2 surface has the highest exchangeable Ca concentrations, Ca/Na, and Ca/Sr ( Sr reported in text. Exch. 5 exchangeable fraction; cold dig. 5 cold acid digestible fraction; hot dig. 5 hot acid digestible fraction; res. dig. 5 residual (HF) digestible fraction. data for select elements that were log-transformed to induce normal distribution. Although data sets for individual surfaces are not large enough to test reliably, statistical analyses of data from all surfaces combined show some significant (p , 0.05) differences between permafrost and active-layer mineral soil chemistry: exchangeable fraction Ca, K, and P concentrations are significantly greater in the permafrost (all ''P'' horizons) than in activelayer mineral soil (all ''A'' and ''B'' horizons). Despite these overall statistically significant differences, the magnitudes of within-surface differences between permafrost and active-layer mineral soil exchangeable fraction elemental concentrations vary substantially among surfaces ( Sr with depth, and on some surfaces P concentrations also increase with depth. Both Ca and P cold acid digestible fraction concentrations are significantly (p # 0.05) greater in the permafrost than in the active-layer mineral soil when data from all surfaces are analyzed, and the differences in cold acid digestible fraction K concentrations are nearly significant (p 5 0.06). These differences between active-layer mineral soil and permafrost vary by surface: all surfaces have higher permafrost concentrations of Ca; all surfaces except the GM and It2 have higher permafrost concentrations of K; and cold acid digestible fraction P concentrations are higher in the permafrost on four of the surfaces.
The hot acid digestible fractions of mineral soil horizons on all surfaces contain some Ca, but have lower Ca/Sr and higher 87 Sr/ 86 Sr than either the exchangeable or cold acid digestible fractions (Table 4 ). This suggests that the majority of carbonate was dissolved before this step in the sequential digest procedure and that the Ca in this fraction is largely the result of silicate mineral dissolution.
The total digests of the mineral soil (Table 5) show that Ca generally increases with depth on each surface. The It2, AR, and GM surfaces have the highest Ca concentrations. On average, SiO 2 comprises approximately 80% of the total mineral soil mass.
For a few samples, elemental concentrations from the acid digests sum to slightly more than the total digest concentration. These values are within analytical errors propagated through the sum in all except for the Ca values for the Sag1 deep permafrost sample. This discrepancy is likely the result of sample heterogeneity.
STREAM GEOCHEMISTRY
In streams on glacial deposit surfaces, dissolved Ca concentrations ranged from 12 mmol L 21 on the Sag1 surface to 594 mmol L 21 on the It2 surface. Streams draining only limestone bedrock had Ca concentrations up to 1606 mmol L 21 (Table 6 ).
Dissolved P concentrations were generally less than 1 mmol L 21 , but several streams on the It2 surface had concentrations greater than 10 mmol L
21
. Dissolved Si concentrations were less than 
Surface
Horizon Sr ranged from 0.71023 to 0.71881 in streams draining glacial deposit surfaces and from 0.70847 to 0.71989 in streams draining bedrock surfaces.
Discussion
ANALYSIS OF SOIL PARENT MATERIAL VARIABILITY
Before we can evaluate whether geochemical patterns are dependent on varying degrees of weathering on geomorphic surfaces of different ages, we must ascertain the degree of variability of the composition of the glacial till soil parent among the surfaces. Sr of the hot acid digestible fractions of the soil profiles on each surface. Because easily weathered material has already been removed from this fraction by previous steps in the sequential digest procedure, we make the assumption that the chemistry of this fraction reflects minerals that would only be affected by intense weathering, making them unlikely to have been significantly affected yet by weathering in this arctic region. Therefore, the 87 Sr/
86
Sr and elemental ratios of this fraction should be very similar for soils with similar parent material, regardless of their age. We used 
Surface
Horizon Sr of the hot acid digestible fraction with respect to depth, to account for any minor effects of weathering or addition of new material (e.g. eolian loess) to the soil profile.
Overall the composition of the parent material has low variability but showed some grouping among the different surfaces. The GM and AR profiles have significantly lower mean 87 Sr/ 86 Sr than the other surfaces ( Fig. 2; p , 0.05 ). This suggests that the AR and GM soils are derived from different parent material than the other surfaces. Differences in parent material may be explained by the incorporation of various rock units in different proportions based on different surface expressions of these units at the time of the glacial advances. Additionally, rock units (the Kn and three minor units not analyzed here) that outcrop north of the Sag1 surface may have been incorporated into the GM and AR parent till. It is also possible that long-term eolian loess deposition has contributed to these differences in soil composition. The Sr of the hot acid digestible fraction of the It1, It2, It3, Sag1, and Sag2 soil profiles is similar, suggesting that these surfaces have similar parent material, although the 87 Sr/ 86 Sr of the upper part of the It3 profile is slightly higher than that of the other surfaces. This is consistent with the suggestion by Hamilton (2003) that the It3 surface was derived from slightly different parent material than the It1 and It2 surfaces, based on surficial geomorphology. For the purposes of further analyses with respect to surface age, we will consider only the It1, It2, Sag1, and Sag2 to be derived from similar parent material. Besides these overall differences among the profiles from each surface, each individual profile shows a pattern of increasing hot acid digestible fraction Sr than the soil parent material, which is mixed down through the active layer by cryoturbation or water movement. Such dust could be derived from the Dke sandstone or resistant minerals in the PMl (Table 1) Sr (such as biotite) in the upper part of the active layer, but this seems unlikely due to the low weathering intensity of this environment as evidenced by the relatively slow carbonate weathering described in the next section.
TABLE 6
Water chemistry for streams on different glacial deposit and bedrock surfaces. Surface names are defined in the text.
Surface
Stream name Sr as reported in text, with the following exceptions: * Error (2s) greater than 0.000030 but less than 0.000051. ** error (2s) greater than 0.000051 but less than 0.000165.
CARBONATE WEATHERING AND ITS RELATIONSHIP TO SURFACE AGE
Calcite depletion via weathering in the active layer is indicated on every surface, by decreasing 87 Sr/ 86 Sr and increasing Ca/Na and Ca/Sr with depth (Fig. 3) , and by greater Ca concentrations in permafrost than in active layer mineral soil as described in the results section. These geochemical trends suggest increasing carbonate mineral concentration in the soil with depth, as frequency of thaw and hence weathering intensity decreases. These results may explain the findings of Everett et al. (1989) , who monitored the seasonal geochemistry of the Imnavait stream on the Sag1 surface and found that streamwater Ca concentrations were greatest in the late summer, corresponding to deep seasonal thaw.
When considering only the surfaces with similar parent material (It1, It2, Sag1, and Sag2), some patterns related to surface age become apparent. The mean 87 Sr/ 86 Sr values of the active-layer cold acid digestible fraction are lowest on the youngest surface (It2) and highest on the oldest (Sag1), with overlapping values for the two other surfaces (Fig. 3c) . The decrease in mean cold acid digestible fraction 87 Sr/ 86 Sr between the permafrost and the ''A'' horizon is least on the youngest surface. The youngest surface also has the highest exchangeable, acid digestible, and total Ca concentrations and Ca/Sr (Tables 2, 3 , and 5). These data suggest that weathering has progressively depleted the calcite in the active layer over time on these surfaces. Furthermore, mean cold acid digestible fraction 87 Sr/ 86 Sr values for shallow permafrost (''P'' samples from within soil pits, excluding the Sag1 deep permafrost sample) increase with surface age among the four surfaces derived from similar parent material (Fig. 3c, Table 3 ). This trend suggests that the currently frozen soil has been episodically thawed during past intervals of warmer climate and has undergone some weathering or was mixed with weathered material via cryoturbation during these intervals.
Both stream and soil geochemistry suggest that differences in carbonate weathering drive not only depth-related geochemical differences within individual soil profiles, but also age-related differences in whole watershed geochemistry. Sr) represent the expected composition of waters containing easily weathered solutes derived from these units based on varying proportional contributions from each unit by mass (Fig. 4) . These mixing lines define a range containing 7 out of 15 streams draining watersheds developed on different glacial till surfaces. Streams draining PMl-based watersheds have a lower mean Ca/Sr and very slightly higher mean 87 Sr/ 86 Sr than the cold acid digestible fraction of PMl samples (Fig. 4, hatched line end-members) . This may be explained by a greater influence of precipitation on these watersheds, or a fraction of the PMl which is more soluble under natural conditions and differs chemically from the fraction digestible with stronger acid in the laboratory, or both. The slightly higher Ca/Sr and Sr of precipitation samples, streams draining PMl limestone bedrock, and streams draining Dke/MDk bedrock (Fig. 4, hatched lines) represent the expected composition of waters containing solutes derived from a combination of inputs based on the solutes measured in unit-specific streams and precipitation. All but one of the 15 glacial till surface streams sampled are contained within these mixing lines (Fig. 4) . The reasons that these end-members predict water composition more accurately than the range defined by the cold acid digestible fraction of rock units are likely that (1) the effects of precipitation and other members of the MDk are incorporated, and (2) they are based on weathering in natural settings, rather than on an operationally defined laboratory cold acid digest.
Within the ranges defined by both sets of mixing lines, most streams on younger (It3, It2, and It1) Sr which fall very close to the Kf-PMl mixing line, suggesting that the weathering products dissolved in these streams are primarily derived from these two end-members, or perhaps an end-member with similar chemistry such as the Kn (Table 1 ). The chemistry of the GM and AR streams suggests little input of the Dke/MDk end-member, consistent with the differences in parent material between these and younger surfaces discussed above.
The effects of weathering on shallow mineral soils of different ages was examined by plotting cold acid digestible Ca/Sr vs. Sr for these surfaces (Fig. 4) . This may be because, as discussed above, the cold acid digestible fraction represents an estimate of potentially ''easily weatherable'' minerals, but does not necessarily reflect what is actually being weathered. Therefore, the It3, It1, and Sag2 surfaces could have similar reservoirs of ''easily weatherable'' minerals as estimated by the digest, yet release into streams very different weathering products that represent the most soluble part of the ''easily weatherable'' fraction. Cryoturbation may also play a role in keeping the cold acid digestible fraction similar in soils close in age (like the It1 and Sag2) via the upward mixing of lessweathered minerals from deeper, less frequently thawed layers.
Despite the overlapping values of data from the It3, It1, and Sag2 surfaces, samples from the youngest (It2) Sr, plotting near the Dke digest end-member. These data suggest that carbonate weathering causes detectable geochemical differences to develop in the cold acid digestible fraction of shallow mineral soil over hundreds of thousands of years. Additional research will be necessary to explore the relationship between the time scale at which the effects of weathering are apparent and the rate of cryoturbation.
These results show that carbonate content decreases in soils and carbonate weathering products decrease in streams with increasing surface age, but the carbonate weathering regime is still generally dominant even on older surfaces. This interpretation is consistent with previous studies of aquatic and soil chemistry in this region (Kling et al., 1992) and similar arctic regions (Stutter and Billet, 2003) . The decrease in carbonate weathering over time (driven by a depletion of carbonate minerals via weathering) that Sr errors are smaller than the symbol size and are reported in Table 6 . Rock unit abbreviations are explained in the text.
we interpret from these data is similar to changes that take place in a much shorter time (thousands rather than hundreds of thousands of years) in tropical and temperate climates (e.g. Lichter, 1998) . Despite the extended timeframe, this change in the carbonate content of soils with time supports the suggestion of Munroe and Bockheim (2001) that the traditional soil chronosequence model relating age to soil properties is applicable even in cryoturbated soils.
SILICATE WEATHERING
The presence of dissolved Si in low but detectable levels in streams on almost every geomorphic surface in our study area suggests that some silicate weathering is occurring; the range of dissolved streamwater Si concentrations in this study is similar to those reported for streams in similar arctic and subarctic systems with sedimentary or mixed bedrock influences (Huh et al., 1998; Millot et al., 2003; Stutter and Billet, 2003; Humborg et al., 2004) . The inference that silicate minerals are weathering is consistent with the observed lower concentrations of K in the cold acid digestible fraction of active-layer mineral soil compared to permafrost on six out of the seven surfaces examined in this study. At least some of this K is likely derived from the most soluble silicate minerals contained in parent material sandstones, which have from 2 to 10 times the amount of cold acid digestible fraction K than the limestone unit (Table 1) .
NUTRIENT RELEASE VIA MINERAL WEATHERING
The ecological influence of weathering in this region is reflected in the exchangeable fraction of soils. Exchangeable study. This suggests that locally derived mineral weathering products are the primary source of exchangeable Sr, and therefore probably also the source of ecologically important elements like Ca, P, and K to the watersheds on these surfaces. We did not perform soil extractions specifically designed to determine the reservoirs of P in these soils. However, the ratio of Ca to P in the cold acid digestible fraction of active-layer mineral soil samples on all surfaces is consistently greater than or equal to 1.67 (Fig. 6) , which is the Ca/P of apatite [Ca 5 (PO 4 ) 3 (F,Cl,OH)], the major P-bearing mineral in rocks. Ca/P is lowest and nearest to Sr. Only 3 out of 52 active-layer mineral soil samples with measurable cold acid digestible fraction P have a Ca/P ratio less than 1.67 (lower by at most only 26%), suggesting that apatite is the primary source of P in this fraction. High Fe concentrations in the hot acid digestible fraction suggest the possibility that some of the P in this fraction is bound to Fe hydroxide species. However, P and Fe concentrations in this fraction are poorly correlated, so it is likely that P in this fraction is bound in other (e.g. organic) forms as well.
GEOCHEMICAL IMPLICATIONS OF INCREASING THAW DEPTH
Our results suggest several possible geochemical consequences of increased active-layer thickness brought about by warming climate. The most conspicuous is increasing carbonate and Ca supply to soil and stream water with increasing active-layer thickness. This change would be ubiquitous across the study area, as all profiles exhibit geochemical indicators of increasing calcite content with depth, and analysis of data from all surfaces shows that cold acid digestible fraction Ca concentrations are significantly higher in the permafrost than in the active layer. The increased carbonate in soils brought about by calcite dissolution may lead to increased pH of acidic tundra, and potentially related changes in vegetation , but these changes would happen concurrently with and could be mitigated by changes in organic matter decomposition and organic acid production that may accompany warmer conditions and deeper thaw.
In addition to increasing carbonate dissolution and general base cation release, our measurements suggest that increased active-layer thickness may increase mineral weathering release of two important nutrients, P and K. On all surfaces there were significantly greater concentrations of exchangeable K in the permafrost than in the active-layer mineral soil. Both exchangeable and cold acid digestible fraction P concentrations were significantly greater in the permafrost than in the active-layer mineral soil overall. The mean increase in P between these layers was 28% for the exchangeable fraction and 61% for the cold acid digestible fraction. The deep permafrost sample from the Sag1 surface was enriched in cold acid digestible fraction P compared to active-layer soil (including ''O'' horizons) or shallow permafrost on any surface. Despite these mean differences in K and P between permafrost and active-layer mineral soil, the surface-specific differences between active-layer mineral soil and permafrost concentrations of these elements are variable. For example, the It2 surface has active-layer mineral soil concentrations of cold acid digestible fraction P that are actually higher than shallow permafrost concentrations, whereas the It3 and Sag1 surfaces have shallow permafrost concentrations of cold acid digestible fraction P that are more than double the concentrations found in active-layer mineral soil.
These data support the predictions of Hobbie et al. (1999) that thawing of permafrost could increase P availability to ecosystems and provide more information regarding possible mechanisms. Because the permafrost contains small but significantly greater concentrations of exchangeable P than the active layer, increases in available P may occur concurrently with permafrost thawing. Subsequent to initial thaw depth increases, a larger increase in newly available P may occur gradually as previously frozen minerals weather. Based on the differences in exchangeable and cold acid digestible P concentration profiles between surfaces, it is reasonable to expect that different geographic areas or watersheds may undergo different degrees of increased P availability. Some areas, such as those with already high cold acid digestible fraction P in the active layer (It2 and AR) or those where past weathering of currently frozen soil has depleted P in the first few centimeters of permafrost (Sag2), may change little in P availability until large increases (tens of centimeters) in thaw depth occur. Thaw-depth driven increases in K availability are also likely to be spatially variable, based on differences in the exchangeable and cold acid digestible fraction K depth profiles among surfaces.
Sulfur concentrations in soil show no statistically significant increase from the active-layer mineral soil to the permafrost across all surfaces for any fraction, but several individual surfaces have higher S concentrations in the permafrost than in the active-layer mineral soil in either the exchangeable (It3, It2, GM), cold acid digestible (It3, It1), or hot acid digestible (It3, It2, It1) fractions (Tables 2, 3 , and 4). The Sag1 deep permafrost sample has exchangeable and cold acid digestible fraction S concentrations 100% and 25% greater, respectively, than any active-layer sample from any surface, including O horizon samples. Our analyses do not distinguish whether the S in these soils is inorganically or organically bound, but both forms are likely because the soils are organic rich and the sandstone units of the parent material contain accessory sulfide minerals. Sulfur may be an important control on Hg methylation via sulfate-reducing bacteria (Compeau and Bartha, 1985; Gilmour et al., 1992) ; methylation of Hg in high arctic wetlands is an important step in Hg bioaccumulation in arctic food chains, although soils there appear to have low levels of sulfatereducing bacteria (Loseto et al., 2004) . Further study of the forms and concentrations of S in the permafrost may shed light on how increased thaw depth will influence SO 4 concentrations in arctic surface waters, potentially affecting Hg methylation pathways.
USE OF STREAM GEOCHEMISTRY AS A MONITOR OF THAW DEPTH
The geochemical profiles of soils on the central North Slope described in this study may provide a useful tool for qualitatively detecting watershed-scale changes in thaw depth. We hypothesize that in watersheds which have sufficient changes in soil geochemistry with depth, such as the 87 Sr/ 86 Sr or Ca/Sr trends described in this study (Fig. 3) , stream geochemistry may reflect increases in thaw depth. Specifically, we predict that as thaw depth increases in this study area, more carbonate weathering products will be dissolved in late summer streamwater and will be detectable as increases in streamwater elemental ratios such as Ca/Sr and decreases in streamwater 87 Sr/ 86 Sr over periods of many years. On some surfaces with very pronounced geochemical differences between active-layer mineral soil and permafrost, such as the It1 surface, regular analysis of stream geochemistry may signal watershed-scale permafrost degradation before it is detectable by traditional physical (e.g., steel probe) methods of measuring thaw depth. Even in permafrost regions with non-carbonate-dominated soil parent material, less intensely weathered soil at depth may provide a geochemical signature as soils thaw more deeply.
Conclusions
Analysis of stream and soil geochemistry on arctic Alaskan glacial till deposits of varying ages indicates that carbonate weathering is the major controlling factor of geochemical trends related to soil depth and surface age. Carbonate minerals have been depleted by weathering in the active layer on every geomorphic surface, and on the four surfaces with similar parent material, stream and soil geochemistry suggests progressive carbonate depletion with time over hundreds of thousands of years. Dissolved Si concentrations in streams are similar to those in other arctic watersheds, suggesting that silicate weathering is also occurring on these surfaces, but at a much slower rate than carbonate weathering.
Compared to active-layer mineral soils, permafrost has overall greater exchangeable K concentrations, exchangeable and acid digestible P and Ca concentrations, and carbonate content. Some glacial deposit surfaces also have higher S concentrations in permafrost than in active-layer soils. The magnitude of the geochemical differences between permafrost and active-layer soils varies among different surfaces. The results of this study suggest that increasing thaw depth brought about by climate change will lead to overall (albeit spatially variable) increases in carbonate, Ca, P, K, and S supply to soils and streams. This increase may occur concurrently with increased maximum thaw as the exchangeable fraction becomes available, and then progressively as soluble minerals begin to weather. The nature of these geochemical changes will depend on the rate of thaw; changes are likely to be gradual overall but could be locally abrupt in areas of rapid thermokarst formation. Based on geochemical differences between active-layer soil and permafrost, stream geochemistry may be a useful qualitative monitor of watershed-scale changes in thaw depth.
